Knowledge of phosphorylation events and their regulation is crucial to understand the functional biology of plants. Here, we report a large-scale phosphoproteome analysis in the model monocot, rice (Oryza sativa L. cv. japonica cultivar Nipponbare), an economically important crop. Using unfractionated whole-cell lysates of rice cells, we identified 6,919 phosphopeptides from 3,393
Results:
Identification of rice and Arabidopsis phosphorylation sites In order to perform comparative analyses of rice and Arabidopsis phosphoproteomes, a large-scale data set of rice phosphorylation sites was collected from non-stimulated suspension-cultured rice cells by using three different phosphopeptide enrichment methods, lactic acid modified titania and β -hydroxypropanoic acid-modified zirconia utilized hydroxy acid-modified metal oxide chromatography (Ti-HAMMOC and Zr-HAMMOC) and Fe(III) immobilized metal-ion affinity chromatography (Fe-IMAC), as detailed in our previous Arabidopsis phosphoproteome study (Sugiyama et al., 2008) . In addition, we used strong cation exchange (SCX) pre-fractionation before Ti-HAMMOC. Four replicates of the analysis were performed with each method, and a total of 32 LC-MS runs were performed for each sample. Our approach identified 5,522 unique phosphorylation sites on 3,393 proteins from unfractionated rice cell lysates (Table I and Supplementary Table I) .
Interestingly, SCX-prefractionation prior to Ti-HAMMOC did not lead to the detection of more phosphopeptides than Ti-HAMMOC without prefractionation (3,755 phosphorylation sites by Ti-HAMMOC and 2,687 sites by SCX and Ti-HAMMMOC). Probably, Ti-HAMMOC alone was sufficiently selective to enrich the phosphopeptides. In this case, SCX-prefractionation resulted in a reduced recovery because of the additional step.
Furthermore, we identified 1,776 novel phosphorylation sites in the non-stimulated
Arabidopsis cells which we used for our Arabidopsis phosphoproteome analysis (Sugiyama et al., 2008) . Combined with our previously reported data set (Sugiyama et al., 2008) we identified a total of 3,948 unique phosphorylation sites on 2,244 proteins in Arabidopsis (Table I and Supplementary   Table I ). The combined data set was used for following analyses. A randomized decoy database estimated a 2.2% false positive rate for identified peptides.
Features of rice and Arabidopsis phosphoproteomes
With our conventional method of phosphorylation site localization in identified phosphopeptides (Sugiyama et al., 2008) , the contributions of phosphoserine (pS), phosphothreonine (pT), and phosphotyrosine (pY) sites were estimated to be 84.8%, 12.3%, and 2.9% in rice, and 82.7%, 13.1%, and 4.2% in Arabidopsis. To verify our results, we applied the PTM score method to our data and calculated probabilities for phosphorylation site localization (Supplementary Table II ) (Olsen et al., 2006) . Phosphorylation sites with p > 0.75 are ranked as class I sites (Olsen et al., 2006) . Since the kinase motif which is used for the definition of class II sites (Olsen et al., 2006) is not well-known in plants, we defined sites with 0.75 ≥ p > 0.50 as class II sites (Trost et al., 2009) . We further divided class II into two sub-classes, 0.75 ≥ p > 0.666 as class II-a and 0.666 ≥ p > 0.50 as class II-b. As shown in Table II , the proportions of pS, pT, and pY sites within class I were estimated to be 89.5%, 8.9%, and 1.6% in rice, and 87.7%, 9.9%, and 2.4% in Arabidopsis. class I phospho-residues in EGF-stimulated human HeLa cells has been reported to be 1.8% (Olsen et al., 2006) . Applications of equivalent data processing methods clearly indicate that the proportion of tyrosine phosphorylation in plants is equivalent to the proportion in humans.
MS/MS spectra occasionally contain fragment ions from phosphopeptides with different phosphorylation sites (Supplementary Table III ). In such case, the PTM score and other existing scoring methods are not able to properly evaluate phosphorylation site localization. Therefore we developed a novel site-determining ion combination (SIDIC) method (Supplementary Document 1) that can assess the mixed MS/MS spectra and can be used complementarily to the existing methods.
As shown in Table II , application of the SIDIC method estimated similar pY ratio as estimated by the PTM score application.
To obtain an overview of phosphorylation events in rice and Arabidopsis, cellular localization, molecular function, and biological processes relating to the phosphoproteins identified were analyzed and compared with those of experimentally characterized proteins from the cell lysates used for phosphopeptide enrichment in this study ( Figure 1 ). Comparison of the rice and Arabidopsis phosphoproteomes showed that distribution patterns of different types of phosphoproteins are generally similar in these species (Figure 1 ). Nuclear and plasma membrane proteins were found to be phosphorylated to an over-proportional extent in rice and Arabidopsis ( Figure 1A ). In contrast, plastid and ribosome proteins were less frequent targets of phosphorylation ( Figure 1A ). Frequent phosphorylation of proteins associated with "kinase activity", "signal transduction", and "protein modification process" indicated that kinases themselves are often regulated by phosphorylation (Figures 1B and 1C) . Proteins related to "transcription factor activity", "transcription regulator activity", and "transcription" were also found to be targeted frequently by phosphorylation, indicating that transcriptional events are controlled by phosphorylation (Figures 1B and 1C) .
Overlap between rice and Arabidopsis phosphoproteomes
To study the conservation of plant phosphoproteomes, we investigated whether orthologous proteins in rice and Arabidopsis are phosphorylated in the same manner. For this purpose we generated alignments of orthologous protein sequences and mapped the identified phosphopeptides onto the alignments ( Figure 2 ). Orthologous protein groups were constructed by cluster analysis using the OrthoMCL algorithm (Li et al., 2003; Chen et al., 2007) , and orthologous protein sequences were aligned using ClustalW (Thompson et al., 1994) . Of the phosphoproteins identified, 865 rice proteins and 403 Arabidopsis proteins appeared to be unique to their species (Figure 3 and Table III A) .
Among 2,528 rice and 1,841 Arabidopsis phosphoproteins which possessed ortholog(s), more than half of the corresponding ortholog(s) were found to be phosphorylated as well (Figure 3 and Table III B-D). Strikingly, nearly one quarter of the ortholog(s) were phosphorylated at equivalent site(s) or neighboring site(s) (Tables III E-G and IV) . We identified a number of conserved actual phosphorylation sites in the two species that were located on important factors involved in various physiological processes as listed in Table IV . This information will help to unravel conserved phosphorylation-regulated molecular mechanisms in plants. It should be noted that many of the ortholog(s) of the identified phosphoproteins whose phosphorylation at equivalent sites were not detected in this study, contain conserved phosphorylatable residue(s) at the equivalent sites. For instance, ortholog(s) of 345 rice and 277 Arabidopsis phosphoproteins categorized to group G in Table III contain conserved putative phosphorylation sites. Therefore, further in-depth phosphoproteome analyses are likely to detect additional overlaps of the rice and Arabidopsis phosphoproteomes.
Recently, a large-scale phosphoproteome analysis of Medicago truncatula root was reported (Grimsrud et al., 2010) . Therefore, we further investigated overlaps among Medicago, rice, and Table IV) .
Moreover, ca. 29% (215) of the ortholog(s) were phosphorylated at equivalent site(s) (Supplementary Table IV and Supplementary Table V) . These results indicate that observation of the overlap between rice and Arabidopsis phosphoproteomes is not specifically derived from our experimental conditions, and that phosphoproteomes are conserved in a similar manner in various plant species.
Features of preferentially phosphorylated protein groups in plants
To further characterize patterns of phosphorylation targets in plants, we investigated which categories of proteins were overrepresented among the proteins whose ortholog(s) were phosphorylated in both rice and Arabidopsis (phospho-targeted protein group; D in Table III) or among the proteins whose phosphorylation sites are conserved between rice and Arabidopsis (conserved phospho-sites protein group; E in Table III) . We used the weight method of the topGO tool (Alexa et al., 2006) to compare the GO "molecular function" distribution of all rice phosphoproteins with that of the rice phosphoproteins whose Arabidopsis ortholog(s) are phosphorylated at corresponding and/or non-corresponding sites. Proteins of the GO categories "nucleotide binding", "RNA binding", "hydrolase activity", "kinase activity", "enzyme regulator activity", "signal transducer activity", and "transporter activity" were overrepresented in the phospho-targeted protein group (red bars in Figure   4 ). Interestingly, proteins annotated as having "kinase activity" or "signal transducer activity" were more strongly overrepresented in the conserved phospho-sites protein group (blue bars in Figure 4) than in the phospho-targeted protein group (red bars). Conversely, proteins annotated as being "RNA binding" or possessing "transporter activity" were underrepresented in the conserved phospho-sites protein group (Figure 4 ). These results indicate that proteins related to the GO categories presented in Figure 4 might be preferentially targeted by phosphorylation in plants, and that proteins related to "kinase activity" and "signal transducer activity" frequently carry highly conserved phosphorylation sites. Proteins related to "RNA binding" and "transporter activity" are likely to be preferential targets for phosphorylation in plants, however, the targeted phosphorylation sites are diversified among different plant species.
Assessment of phosphorylation sites on NB proteins Disease resistance (R) proteins play key role to detect pathogen effectors and thereby trigger effector-triggered immunity which often results in hypersensitive response (HR)-type cell death (Chisholm et al., 2006; Jones and Dangl, 2006) . The majority of R proteins belong to the NB-LRR protein family, which is one of the most variable protein families in plants (Monosi et al., 2004; Chisholm et al., 2006; Jones and Dangl, 2006; Shirasu, 2009) The rice genome encodes coiled-coil (CC)-class NB-LRR genes, but not Toll/Interleukin-1 receptor (TIR)-class NB-LRR genes which exist in dicot species (Monosi et al., 2004) . Despite extensive studies on R proteins, little is known about conserved molecular mechanisms that regulate their functions. In particular, R protein regulation by its phosphorylation has not been reported so far.
Our phosphoproteome analysis identified phosphorylation sites on NB-LRR proteins which may function as R protein ( Figure 5 ). We found 8 phosphopeptides on 9 CC-NB-LRR proteins from rice, and 5 phosphopeptides on 5 CC-NB-LRR proteins, 5 phosphopeptides on 4 TIR-NB-LRR proteins, and 2 phosphopeptides on 2 TIR-NB proteins, which are highly homologous to TIR-NB-LRR proteins but lack LRR domain, from Arabidopsis ( Figure 5 ). Strikingly, many of the phosphorylation sites are found to be located on conserved regions, which are important for R protein functions ( Figure 5 ). For example, the N-terminal 13 amino acids of potato Rx was shown to be required for triggering HR (Rairdan et al., 2008) and we have identified 2 rice proteins that were phosphorylated at the corresponding region ( Figure 5B ). Interestingly, Arabidopsis RPM1 at the same region was recently reported to be phosphorylated in PhosPhAt, the Arabidopsis protein phosphorylation site database (underlined with green in Figure 5B ) (Durek et al., 2009) . These data indicate that the N-terminal border region of the CC domain is targeted by phosphorylation and may regulate its protein functions. Similarly, the N-terminal border region of the TIR domain was found to be phosphorylated, although we could not locate the exact phosphorylation site. PhosPhAt data also indicates that a conserved tyrosine residue in the corresponding region, which is also found in tobacco N and flax L6, is phosphorylated ( Figure 5C ). Importantly, substitution of the tyrosine residue in tobacco N to a non-phosphorylatable residue phenylalanine alters its HR inducing activity (Dinesh-Kumar et al., 2000) . Furthermore, substitution to a phosphorylatable residue serine also altered the activity but in a lesser extent compared to the phenylalanine substitution (Dinesh-Kumar et al., 2000) . These observations may indicate that corresponding tyrosine kinase can also phosphorylate 1 0 serine but less efficiently. As shown in Figure 5D , another well conserved tyrosine residue in the TIR domain was found to be phosphorylated. The Pfam database shows that this tyrosine residue is highly conserved in plant species but not in other organisms.
The NB domain, which has an ATPase activity, is well conserved in plant and animal proteins. Structure analysis of the NB domain of mammalian apoptotic protease-activating factor 1(APAF1) indicated that several conserved motives, including hhGRExE ( Figure 5E ), P-loop ( Figure   5F ), RNBS-B ( Figure 5G ), and MHD ( Figure 5H ), are important for the ATPase activity (Takken et al., 2006) . Mutation analyses of R proteins revealed that these motives are important for their functions (Dinesh-Kumar et al., 2000; Bendahmane et al., 2002; Tornero et al., 2002; Howles et al., 2005) . We found phosphorylation sites within or close to these motives ( Figure 5E -H). Although, some of the phosphorylation sites are not well conserved among the R proteins, the phosphorylated threonine residue in the P-loop ( Figure 5F ) and the phosphorylated serine residue in the RNBS-B ( Figure 5G ) are conserved among the R proteins from 6 different plant species. Taken together, our data indicates that NB-LRR type R proteins are likely to be regulated by phosphorylation. Moreover, existence of highly conserved phosphorylation sites among different plant species indicates that a conserved phosphorylation dependent regulation system may control the diversified R proteins. This information may help to understand how R protein functions are regulated.
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Discussion:
In order to investigate the conservation of phosphoproteomes in plants, large-scale data sets of phosphorylation sites are required from species whose genome sequences are available. In the case of the well-characterized model plant Arabidopsis, 1,172 phosphopeptides were identified from the plasma membrane of elicitor-stimulated and untreated cultured cells (Benschop et al., 2007) , and 3,029 phosphopeptides were identified from non-stimulated seedlings (Reiland et al., 2009 ). In contrast, there was only one report of a few hundred phosphopeptides identified in rice embryos (Zhang et al., 2007) . When we initiated our study, this report was the only phosphoproteome information obtained by shot-gun type analysis available from plants other than Arabidopsis, and the amount of information is too small to allow for meaningful comparison with the Arabidopsis data sets.
Therefore, we performed large-scale phosphoproteomics in rice to obtain sufficient information for a comparative analysis.
The false positive rate obtained in this study appears to be relatively high (2.2%), compared to other published works (Olsen et al., 2006; Swaney et al., 2009 ). However, this value was calculated after removing redundancy of identified phosphopeptides in the final list, whereas other works calculated the rate for redundant peptide lists generated from SCX-fractionated LC-MS runs (Olsen et al., 2006; Swaney et al., 2009) . Generally the overlap of identified phosphopeptides between SCX fractions is higher than the overlap of false positive peptides. Therefore, the false positive rate from redundant peptide lists would increase to 2-5% if the peptide redundancy is removed. In fact, when we applied the calculation method used in these published works, the false positive rate in this study was estimated to be 1.1%, a similar level to those in the representative published works (Olsen et al., 2006; Swaney et al., 2009 ). On the other hand, regarding the false positive identification for each phosphopeptide in our final list, each confidence level in identification should be evaluated. Therefore, we decided to classify these phosphopeptides into three categories based on Mascot probability score, such as class A (99.9% confidence), class B (99.0% confidence) and class C (95.0% confidence). The class category was described in Supplementary Table I . For the false positive rates, we obtained 0.12% and 1.06% for class A and class B phosphopeptides, respectively.
In our previous study, we had applied our own criteria for the identification of phosphorylation-sites based on the presence of site-determining ions; it was assumed that fragment ions indicated phosphorylation sites unambiguously (Sugiyama et al., 2008) . We found that the proportion of pY in plants was equivalent to that in humans (Sugiyama et al., 2008) . Recently, de la rice phosphoproteome data sets to compare them precisely to a human data set that had been evaluated by identical methods (Olsen et al., 2006) . The results we obtained confirmed that the pY ratio in plants is equivalent to that in humans (Table II) .
Phosphopeptides with different phosphorylation sites often exhibit similar retention times in LC-MS analysis, and MS/MS spectra occasionally contain fragment ions from overlapping phosphopeptides. We synthesized 90 phosphopeptide pairs having the same amino acid sequences with different phosphorylation location sites, and found that approximately 30% of pS-pY pairs and 60% of pS-pS pairs have overlapped peaks under the LC-MS gradient condition used in this study (Supplementary Table III ). In such cases, none of the existing scoring methods provide reliable data.
Therefore, we extended the approach used in our previous Arabidopsis study and characterized the Table II) , and confirmed that the obtained values were similar to those by the PTM score derived localization probability method (Table II) method to re-count our Arabidopsis class I phosphorylation sites, the numbers of pS, pT, and pY are 3,387 (98.8%), 320 (8.5%), and 65 (1.7%), respectively, representing an underestimation of the pY ratio.
For phosphorylation-site localization, utilization of recently developed electron transfer dissociation (ETD) method to obtain MS/MS spectra of phosphopeptide is expected to be quite useful (Syka et al., 2004) . Recent Medicago phosphoproteome analysis utilized the ETD technology and proved that ETD is superior in phosphorylation-site localization compared to currently most used collision-induced dissociation (CID) method (Grimsrud et al., 2010) . By utilizing ETD method, Grimsrud et al. concluded that the proportion of pY in Medicago is 1.3%, a similar level as our findings (Grimsrud et al., 2010) .
To examine the conservation of phosphorylation sites, we mapped phosphopeptides onto Table IV may not be matched by the PhosphoBlast tool.
We found that a number of physiologically important orthologous protein pairs from rice and Arabidopsis are phosphorylated at equivalent sites (Table IV) . For instance, Arabidopsis MEKK1, a mitogen-activated protein (MAP) triple kinase that regulates plant immunity responses and redox homeostasis (Ichimura et al., 2006; Nakagami et al., 2006; Suarez-Rodriguez et al., 2007) and its rice homolog were found to be phosphorylated at the N-terminal putative regulatory domain. Since nothing is known about regulatory mechanisms of MEKK1 in plants so far, our phosphorylation data may provide a clue to understand signaling cascades of MEKK1. Another good example is Arabidopsis VirE2-interacting protein 1 (VIP1), which is a host plant factor utilized by the plant pathogen Agrobacterium for its delivery of transfer-DNA into the host cells (Tzfira et al., 2001) . VIP1 is regulated through phosphorylation by MAP kinases, and Agrobacterium appears to exploit the phosphorylation-dependent machinery of its hosts (Djamei et al., 2007) . Interestingly, we found that VIP1 and its rice homolog are phosphorylated at equivalent sites which are distinct from the MAP kinase targeting site (Djamei et al., 2007) . Thus, VIP1 may be regulated by types of kinases other than MAP kinases.
Despite a lack of unambiguous experimental evidence, phosphorylation-dependent regulation of protein function observed in one plant species was often assumed to be conserved in orthologous proteins in other plant species (Nuhse et al., 2004) . Using our data sets consisting of several thousand phosphoproteins, we demonstrated that orthologous proteins from different species actually are frequently phosphorylated in a similar manner. It should be noted that the rice and
Arabidopsis cell cultures used in this study were generated from different plant tissues and were maintained under different light conditions. Since these differences appear to alter the phosphoproteome status, the similarity between the phosphoproteomes of different species can be expected to be much higher than reported here, if identical cell types grown under similar conditions are tested. Significantly, Medicago phosphoproteome reported by other groups highly overlapped with the rice and Arabidopsis phosphoproteomes (Supplementary Figure 1) , despite the fact that the Medicago study utilized different types of plant material and a distinct analytical platform. These data may indicate that plant phosphoproteomes are far more conserved than we would have expected.
Nevertheless, our results demonstrate the value of comparative characterizations of phosphoproteomes.
In order to reveal common features of the phosphoproteomes in different plants, we have identified mostly novel phosphorylation sites from rice published to date. All phosphorylation site data for rice and Arabidopsis, including mass spectral profiles and the phosphorylation profiles of ortholog(s), will be freely available on a web-based RIKEN database called Plant Phosphoproteome Database (http://phosphoproteome.psc.database.riken.jp) which is connected to the Keio University PepBase-P phosphopeptide database (http://pepbase.iab.keio.ac.jp) with annotated MS/MS spectra. As investigated for phosphorylation sites on NB-LRR proteins, these database resources will facilitate research on phosphorylation events in plants. The large data set will also be a useful resource for statistical and bioinformatic analyses.
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Materials and Methods:
Plant material Suspension-cultured rice cells (Oryza sativa L. cv. japonica cultivar Nipponbare) derived from seed scutella were maintained using modified N-6 medium as described previously (Desaki et al., 2006) .
Rice cells were incubated on a rotary shaker at 25˚C in the dark and a 2 ml aliquot of loosely packed cells was transferred to 100 ml fresh medium every week. Every two weeks, cell clusters were filtered through a 20-mesh screen to make fine aggregates. An Arabidopsis cell suspension line (ecotype Landsberg erecta) derived from stem explants (Maor et al., 2007) identified. Phosphopeptide enrichment based on hydroxy acid-modified metal oxide chromatography (HAMMOC) was performed using lactic acid-modified titania (Ti-HAMMOC) and β -hydroxypropanoic acid-modified zirconia (Zr-HAMMOC), as described below. Fe-IMAC using Phos-Select (Sigma) was also conducted to enrich the phosphopeptides as described below. The eluates from HAMMOC and IMAC were concentrated in a Tomy CC-105 vacuum evaporator (Tokyo, Japan) for nanoLC-MS/MS analysis. Strong cation-exchange (SCX) pre-fractionation before Ti-HAMMOC was performed as detailed previously (Ishihama et al., 2006) . Four fractions were prepared for the subsequent Ti-HAMMOC phosphopeptide enrichment as described above.
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Desalting with C18 stage tip For desalting after tryptic digestion, a disk cut out from the membrane with 10 gauge syringe needle was inserted into a pipette tip D-1000 (GILSON). The tip was conditioned with 100 µL of 0.1% TFA, 80% acetonitrile and then equilibrated with 100 µL of 0.1% TFA, 5% acetonitrile by centrifuge at 1000 g for 1 min. The tryptic digest corresponding to 100 µg proteins was loaded onto the tip by centrifuge at 1000 g for 5 min. The tip was washed with 100 µL of 0.1% TFA, 5% acetonitrile by centrifuge at 1000 g for 1 min. The peptides were eluted with 100 µL of 0.1% TFA, 80% acetonitrile by centrifuge at 1000 g for 1 min.
For desalting after enrichment of phosphopeptides, a disk cut out from the membrane with 16 gauge syringe needle was inserted into a pipette tip D-200 (GILSON). Desalting was performed as same manner as described above except volume of solvent and loading amount of sample were changed. In each step, 20 µL of solvents were used and whole sample eluted from one MOC tip or IMAC tip was loaded to one desalting tip.
Enrichment of phosphopeptides with hydroxyl acid-modified metal oxide chromatography
Custom-made hydroxyl acid-modified metal oxide chromatography (HAMMOC) tips were prepared as follows. A disk cut out from C8 Empore disk membranes (3M) with 20 gauge syringe needle was inserted into a 0.1-10  µL size pipette tip (Eppendorf) as a frit. And then, slurry of 0.5 mg of bulk titania (particle size: 10 µm, GL sciences) or zirconia (particle size: 10 µm, ZirChrom Separations) beads in 10 µL of methanol was packed into the tip by centrifuge at 1000 g for 1 min. Prior to loading samples, the HAMMOC tips were equilibrated with 20 µL of 0.1% TFA, 80% acetonitrile with hydroxy acids as selectivity enhancers (solution A) by centrifuge at 2000 g for 1 min. As the enhancer, lactic acid was used at concentration of 300 mg/mL for titania HAMMOC tip and β -hydroxypropanoic acid (HPA) at 100 mg/mL for zirconia. The desalted tryptic digest from a total 100 µg of Arabidopsis or rice proteins was diluted with 100 µL of solution A and 50 µL of aliquot was loaded to the HAMMOC tip four times by centrifuge at 1000 g for 5 min. After successive washing with solution A and 0.1% TFA, 80% acetonitrile by centrifuge at 2000 g for 1 min, the peptide was eluted with 50 µL of 0.5% ammonium hydroxide or 1.0% di-sodium hydrogenphosphate by centrifuge at 1000 g for 5 min. The eluted fraction was acidified with TFA, and desalted using C18 StageTips as described above. The desalted sample was concentrated in a vacuum evaporator, followed by the dissolution with 10 µL of solution A for subsequent nanoLC-MSMS analysis.
Enrichment of phosphopeptides with IMAC
A disk cut out from C8 Empore disk membranes (3M) with 16 gauge syringe needle was inserted into a pipette tip D-200 (GILSON) as a frit. And then, 30 µL of slurry of Phos-Select (Sigma) was packed 1 7
into the tip by centrifuge at 1000 g for 1 min. The tip was equilibrated with 200 µL of 0.3% TFA, 50%
acetonitrile by centrifuge at 1200 g for 3 min. The desalted tryptic digest from a total 100 µg of Arabidopsis or rice proteins was diluted with 100 µL of water and was loaded to the IMAC tip. The tip was washed with 50 µL of 0.3% TFA, 50% acetonitrile by centrifuge at 1200 g for 3 min. The peptides were 100 µL of 0.5% ammonium hydroxide or 1.0% di-sodium hydrogenphosphate by centrifuge at 1200 g for 3 min. The eluted fraction was acidified, desalted and analyzed with nanoLC-MSMS analysis as described above.
NanoLC-MS system
An LTQ-Orbitrap XL (Thermo Fisher Scientific, Bremen, Germany) coupled with a Dionex 
Database searching
Mass Navigator v1.2 (Mitsui Knowledge Industry, Tokyo, Japan) with the default parameters for LTQ-Orbitrap XL was used to create peak lists on the basis of the recorded fragmentation spectra.
The m/z values of the isotope peaks were converted to the corresponding monoisotopic peaks when the isotope peaks were selected as the precursor ions. In order to improve the quality of MS/MS spectra, Mass Navigator discarded all peaks with less than 10 absolute intensity and with less than 0.1% of the most intense peak in MS/MS spectra (Supplementary Figure 4) ftp://ftp.arabidopsis.org/home/tair/Sequences/blast_datasets/TAIR7_blastsets/) with a precursor mass tolerance of 3 ppm, a fragment ion mass tolerance of 0.8 Da, and strict trypsin specificity (Olsen et al., 2004) , allowing for up to 2 missed cleavages. Carbamidomethylation of cysteine was set as a fixed modification, and oxidation of methionines and phosphorylation of serine, threonine and tyrosine were allowed as variable modifications. Peptides were considered identified if the Mascot score was over the 95% confidence limit based on the 'identity' score of each peptide, and if at least three successive y-or b-ions with a further two or more y-, b-and/or precursor-origin neutral loss ions were observed, based on the error-tolerant peptide sequence tag concept (Mann and Wilm, 1994) . A randomized decoy database created by a Mascot Perl program was used to estimate false positive rate for identified peptides with these criteria. Note that most sulfated peptides could be discriminated from phosphopeptides because of the ultrahigh accuracy of the Orbitrap instrument that we used. The number of unique phosphopeptides was counted based on the amino acid sequence and the modification sites.
The identified peptide sequences were searched in the protein databases to examine whether any single peptide matched multiple proteins. When a peptide matched multiple proteins other than splicing variants, all matched proteins were treated as identified phosphoproteins. For unique phosphorylation site counting, phosphopeptides which overlapped on a protein were merged at first in order to remove redundancy, and the number of phospho-residues in unique merged phosphopeptides was counted according to the strategy reported elsewhere (Olsen et al., 2006) .
Synthetic phosphopeptide analysis
All synthetic phosphopeptides were obtained from Sigma Genosys (Sapporo, Japan). Synthetic phosphopeptides were measured by the nanoLC-MS system using LTQ-Orbitrap XL under the conditions as described above. The retention times at the peak top were calculated by the Mass Navigator using the non-label quantitation function.
Phosphorylation site localization
Phosphorylation site localization was evaluated using three approaches. A conventional approach used in our previous work was based on the presence of site-determining ions, either y-or b-ions in the peak lists of the fragment ions, which supported the phosphorylation sites unambiguously (Sugiyama et al., 2008) . This approach was only applied to the Mascot top hit peptides to confirm whether Mascot phosphorylation site assignment was correct or not.
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The other was based on PTM scores to assign probabilities for each of the possible sites based on their site-determining ions. Then, potential phosphorylation sites were grouped into four categories depending on their PTM localization probabilities (Olsen et al., 2006) . In this study, The site-determining ion combination (SIDIC) was based on the presence of site-determining y-or b-ions ions, similar to the conventional approach. But this approach was applied to each of the possible sites as the PTM score-based approach. In addition, in order to characterize the reliability of the candidate site localization, we evaluated the number of the observed site-determining ion combination as well as the observable site-determining ion combination. When the observed site-determining ions for one candidate were consistently observed in each MS/MS spectrum, the phosphorylation site was defined as an unambiguous site. The existence of indistinguishable sites was inferred when MS/MS spectra showed two or more candidate-supporting site-determining ions.
Spectra without site-determining ions resulted in the identification of phosphopeptides with undetermined sites. More details of this approach were described in Supplementary Document 1.
Bioinformatics
Orthologous protein groups were constructed by cluster analysis using the OrthoMCL algorithm with default parameter settings (Li et al., 2003; Chen et al., 2007) . Splicing variants were removed from the rice and Arabidopsis databases which were used for searches. For multiple sequence alignments of orthologous proteins, ClustalW (Thompson et al., 1994) was employed with default parameter settings.
The identified phosphopeptides were mapped onto the alignments using an in-house software written in Perl. Gene ontology (GO) information for rice and Arabidopsis proteins were obtained from the MSU rice genome annotation project database (http://rice.plantbiology.msu.edu/index.shtml) and the Arabidopsis information resource (http://www.arabidopsis.org/). The map2slim script (http://search.cpan.org/~cmungall/go-perl/scripts/map2slim) was used to count GO slim terms.
Enrichment analysis of GO categories was performed using the weight method of the topGO tool (Alexa et al., 2006) . Over-or underrepresentation of GO categories from the aspect "molecular function" was calculated for the rice phosphoproteins whose Arabidopsis ortholog(s) were phosphorylated or the rice phosphoproteins whose Arabidopsis ortholog(s) were phosphorylated at the equivalent sites, as compared to all identified rice phosphoproteins with a cutoff of p<0.05.
The NB-LRR protein sequences were aligned using the Jalview (Waterhouse et al., 2009) and the GenDoc (http://www.nrbsc.org/gfx/genedoc/) tools. Overrepresented GO categories from the aspect "Molecular function" of the rice phosphoproteins classified to phospho-targeted protein group and the phospho-sites conserved protein group as compared with the all identified rice phosphoproteins are shown in red and blue bars, respectively. Phosphopeptides identified by our group and other group are underlined with red and green, respectively. High-confidence and ambiguous phosphorylation sites are highlighted in red and blue, respectively. The ambiguity was decided by our conventional method. The region required for Rx function is underlined with blue. Amino acids which, when substituted, show altered protein activity are highlighted in yellow.
LWSG-GAYESDTEDPDN--------MK IWSGTATYESDSDDDDKPLHGYSCR

